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Abstract 
The harsh agro-climatic endowment is among a host of factors underlying the absence of a Green Revolution in Sub-
Saharan Africa (SSA) since high-yielding agricultural technologies tend to be resource-demanding and thus applicable 
only to agro-ecologically favorable production environments. While in Asia some empirical studies indicate that the 
climate sensitivity of major cereal crops has begun to be mitigated and there are now both resource-demanding and 
resource-efficient types of technologies adopted, in SSA almost no such evidence has empirically been reported to date. 
This paper uniquely examines the changes over time in the effects of climatic conditions on cereal crop yields in Sub-
Saharan Africa from 1989 to 2004. Using a 16-year country-wise panel dataset, the yield equations for five major crops 
(wheat, rice, maize, sorghum, and millet) are estimated by a combination of two-way fixed effect and sample selection 
models. It is found that the temperature effect was mitigated for maize and aggravated for millet, whereas the rainfall 
dependency declined for rice and was augmented for wheat and maize. The results suggest that changes in technologies 
and other supplementary factors contributed to the changes in agro-climate effects, though the directions of changes are 
different for different crops, depending on the type of adopted technologies. In addition, on average during the period 
under study, the temperature effects on cereal yields are generally negative while the rainfall effects are positive except 
for sorghum and millet. 
Keywords: crop yield, modern variety, wheat, rice, maize, sorghum, millet, agro-climate, drought tolerance, heat toler-
ance, panel data, two-way fixed effect, Sub-Saharan Africa. 
JEL Classification: O13, Q56. 
Introduction ?
Agricultural development, led by land-saving and 
yield-enhancing technological changes, is vital for 
poverty reduction in Sub-Saharan Africa (SSA) 
because of the surging population, the exhaustion of 
uncultivated land, and stagnant grain yields in the 
region. In SSA, the agricultural sector accounted for 
70 percent of employment and about one-third of 
economic growth from 1990 to 2005. While urban 
slums gather attention because of their visibility, 
more than 70 percent of the poor in SSA live in rural 
areas and depend on agriculture for their livelihoods 
(World Bank, 2011). According to Ligon and Sadou-
let (2007), in SSA a one percent decrease in agricul-
tural gross domestic product (GDP) leads to a de-
crease in the consumption of the three poorest decile 
groups by four to six percent. Agricultural produc-
tivity thus definitely has to be enhanced in order to 
reduce persistent poverty and achieve food security 
as well as stimulate economic growth in SSA. 
Although the production of staple food has been 
increasing in SSA, the rate of increase has not been 
high enough to outstrip its high population growth 
rate. Consequently, per-capita agricultural produc-
tion in SSA has declined by about 10 percent since 
1960 (FAO, 2011). The cultivated land per farmer 
has also declined in this region by about 40 percent 
since the 1960s (World Bank, 2011). Evenson and 
Gollin (2003) show that, on average, the adoption 
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rate of modern varieties (MVs) is 22 percent in SSA 
as compared with 78 percent in South Asia and 84 
percent in East Asia.
In contrast, in Asia, growth in agricultural produc-
tion has consistently outpaced population growth 
owing to the Green Revolution (GR) since the late 
1960s (e.g. Otsuka and Kalirajan, 2006). This is not 
only because population growth has been somewhat 
slower in Asia, but much more importantly because 
the technological innovation represented by the 
diffusion of improved crop varieties and other com-
plementary production practices spurred cereal crop 
yields. As a result, the Asian GR led to significant 
reductions in rural poverty as well as the growth of 
nonfarm sectors (Otsuka et al., 2009). 
Many experts on African agriculture, however, 
doubt whether a GR similar to the one achieved in 
Asia is feasible in SSA. While there is a long list of 
causes for the failure of an African GR, one major 
factor is considered to be its unfavorable (e.g. dry) 
and diverse climate. A number of studies in the past 
few decades show the significant effects of climatic 
conditions on crop yields, particularly the positive 
effect of rainfall (Seo and Mendelsohn, 2007; Auff-
hammer et al., 2006; Olesen and Bindi, 2002; 1998; 
Bruce et al., 1996; Reilly et al., 1996; Adams et al., 
1995). These studies imply that drought-prone pro-
duction environments in SSA can be a major con-
straint to achieving high crop productivity. Further-
more, low levels of inputs of water (from both rain-
fall and irrigation) and fertilizer hinder the perfor-
Environmental Economics, Volume 4, Issue 2, 2013 
71
mance of improved varieties that are typically high-
yielding only under high-input production environ-
ments (Farmer, 1979). Accordingly, the adoption of 
new agricultural technologies in SSA appears unat-
tractive and hence remains inactive. Moreover, the 
agro-climate in SSA is not only dry but also diverse, 
which results in producing a broad range of staple 
crops. There are, thus, limited scale benefits of in-
vesting in standard technological packages as were 
successful in Asia (Mwabu and Thorbecke, 2004; 
Omano, 2003). The transfer of Asian GR technolo-
gies seems to require rigorous adaptation to SSA’s 
unfavorable and diverse agro-climate (Otsuka and 
Kalirajan, 2006)1.
Some recent studies, however, show that high poten-
tial actually exists for modern technology adoption 
and corresponding crop yield improvement in SSA, 
which has yet to be effectively exploited. Country-
specific case studies on African agriculture point out 
that rice yields will increase significantly once the 
constraints are properly addressed along with the 
adoption of modern technologies2. Otsuka and Kiji-
ma (2010) also argue that the GR in Asia has been 
technology-led, and thus investments in agricultural 
research and extension would open the door to an 
African GR. Furthermore, Balasubramanian et al. 
(2007) point out that, in SSA, less than five percent 
of the favorable wetlands are planted to modern rice 
varieties, indicating a huge growth potential left 
unexplored. Nonetheless, since these studies are 
based on descriptive analyses, a more formal testing 
of the potential of African agriculture is needed. 
Conventionally, high-yielding technologies have 
been recognized as reliant on a sufficient supply of 
water (as well as fertilizer), and even more sensitive 
to droughts and other harsh agro-climatic conditions 
than are traditional varieties (TVs). Conversely, if 
the adoption of recent MVs leads to a reduction in 
the climate dependence of crop yields, then that 
would broaden the possibility of an African GR. In 
fact, Tsusaka and Otsuka (2013a) found in India that 
resource-saving types of technologies began to 
emerge in the latter stage of the GR, indicating that 
                                                     
1 Aside from climatic factors, other causes for the failure of a GR in SSA 
include the low availability of irrigation, insufficient fertilizer usage, soil 
degradation in some areas, underdeveloped infrastructure, poor gover-
nance and coordination, inaccessibility to markets, lack of agricultural 
credit and education (Kuyvenhoven, 2008; Hayami and Godo, 2005; 
Spencer, 1994; David and Otsuka, 1994). Furthermore, climatic conditions 
along with these other factors have more or less discouraged public in-
vestments in agriculture. 
2 Kajisa and Payongayong (2011) conducted a household survey in a rice 
irrigation scheme in Mozambique. Sakurai (2006) examined the possible 
constraints and potential for lowland rice cultivation in Côte d’Ivoire. 
Kijima et al. (2011, 2012) investigated the potential for both upland 
NERICA (New Rice for Africa) and lowland rice cultivation in Uganda. 
See also the case studies on Côte d’Ivoire by Diagne (2006) and on Came-
roon by Goufo (2008).
there are both resource-efficient and resource-using 
types of technologies adopted today. It is, therefore, 
of great relevance and interest to empirically ex-
plore whether and to what extent the influence of 
climatic conditions on crop productivity has been 
augmented or alleviated in SSA. 
This paper attempts to assess the changes in the 
impact of climatic conditions (temperature and rain-
fall) on cereal crop yields in SSA, using a country-
level panel dataset covering the 16-year period from 
1989 to 2004, assembled from several sources. To 
our knowledge, studies on the dynamic changes in 
climate effects on crop yields are scanty, even 
though there are a number of studies exploring ei-
ther the static effects of climate or the effects of 
climate change on crop yields.
The remaining part of the paper is organized as fol-
lows. Section 1 overviews the basic agricultural 
statistics in SSA that are relevant to the purpose of 
the study. Section 2 describes our data sources and 
how the database is constructed, followed by the 
introduction of the econometric model. The estima-
tion results are examined in section 3. The final 
section provides concluding remarks. 
1. An overview of agricultural performance  
in SSA 
1.1. Agro-climate and cropping patterns. SSA 
consists of 48 major states with diverse cropping 
patterns reflecting its diverse agro-climates. If we 
were to discuss the possibility of technology transfer 
from Asia to SSA, it would be essential to choose a 
comparable region in Asia. For example, while 
sorghum and millet are the second and third major 
crops in SSA, South Asia (SA) is almost the only 
region producing these two crops within Asia. 
Hence, a comparison of cropping patterns and yields 
between SSA and SA would make some sense. 
Table 1 shows the agro-climate in cereal crops pro-
ducing areas between SSA and SA. The differences 
in temperature and rainfall among crops are some-
what consistent between the two regions: e.g., wheat 
is produced in relatively cool and dry environments, 
rice production environments are endowed with 
high rainfall, and sorghum and millet are grown in 
relatively low rainfall areas. This observation is 
supported by the high drought-tolerance of sorghum 
and millet, and the water-demanding nature of low-
land rice (e.g., Tsusaka and Otsuka, 2013a). How-
ever, the cropping patterns in the two regions differ, 
reflecting the disparity in agro-climate mapping. 
The crop area in SA is notably dominated by rice, 
which is followed by wheat. On the other hand, 
maize is the most important crop in SSA, account-
ing for one third of the total cereal area.  
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1.3. Yield growth for major crops. SSA’s crop-
wise yield performance is summarized in Table 2 
in comparison with SA. The yields of wheat and 
sorghum noticeably rose in SSA from the early 
1990s to the mid-2000s, which actually exceeds 
the growth rates of those in SA. The yields of the 
other major crops have increased by lesser per-
centages during the same period, which is inferior 
to the growth rates of those in SA. In any case, 
some technological improvement seems to be 
occurring in SSA judging from the yield growth 
rate, despite the much less favorable economic 
and climatic conditions in SSA. This observation 
is consistent with the recent estimates by Block 
(2010) of total factor productivity growth in SSA 
since the 1980s. 
Table 2. Cereal crop yields and their growth, comparison between SSA and South Asia (SA)
  Crop yield (tons/ha) Growth rate (%)
  1990-92
Average 
2005-07
Average 
Sub Saharan Africa Wheat 1.50 2.06 37
Rice 1.67 1.79 7
Maize 1.22 1.57 29
Sorghum 0.78 1.04 33
Millet 0.69 0.86 25
South Asia Wheat 1.98 2.51 27
Rice 2.62 3.32 27
Maize 1.53 2.26 47
Sorghum 0.81 0.84 4
Millet 0.70 0.90 29
Ratio:
SA yield to SSA yield 
Wheat 1.31 1.22
Rice 1.57 1.85
Maize 1.26 1.44
Sorghum 1.03 0.81
Millet 1.02 1.05
Source: Authors’ calculation with FAOSTAT data. 
The bottom part of Table 2 shows how much higher 
the yields in SA are than those in SSA, using the ratio 
of the former to the latter. It is clear that the difference 
in current rice yield is huge, followed by maize and 
then wheat, which seems to leave plenty of room for 
the inter-regional transfer of rice technology to take 
place. On the other hand, for sorghum and millet, the 
transferability of technology would be limited, given 
the absence of a yield advantage in Asia. 
1.4. Limitation of wheat in SSA. The above dis-
cussions on crop yields may suggest an expansion 
of the wheat planted area within SSA, and a pro-
motion of technology transfer for rice and maize 
from Asia. It must be noted, however, that the fea-
sibility of the former is rather limited because 
wheat can be grown well only under a relatively 
cool climate associated with the temperate climate 
zone. In the African continent, the temperate cli-
mate zone covers only some parts of North Africa 
and South Africa, and wheat is thus grown only in 
the Republic of South Africa, the highlands in 
Ethiopia, and a few other regions in SSA, which 
explains why a mere 3 percent of the total crop 
area is planted to wheat (Table 1). It is also known 
that, in India, wheat has been planted in districts 
with lower temperature, mostly during the winter 
season (Tsusaka and Otsuka, 2013a). 
1.5. Technology adoption. Unfortunately, statistical 
data to show the level of the adoption of new tech-
nologies such as MVs and other improved farming 
practices (e.g., fertilizer and irrigation) over the 
years are scanty in much of SSA. Such data are par-
ticularly scarce or unreliable for earlier years, which 
forced our database to begin in no earlier than 1989. 
Nevertheless, yield statistics (Table 2) suggest that 
technological improvement has been taking place 
especially for wheat, and also for other crops to a 
lesser extent. Needless to say, it is not only technol-
ogies that have improved over time but also infra-
structure, market, and overall economic level. That 
having said, the contribution of technologies to crop 
yield growth is undoubtedly dominant because (1) 
Asia does not have advantage over SSA in yields of 
sorghum and millet even today, indicating that im-
provement in non-technology factors alone does not 
make a visible difference even though such factors 
may be complementary to technological factors, and 
(2) the yield growth differs significantly among 
crops even within the same region. 
One of the potentially important traits of MVs is 
their shorter growth duration (Cavatassi et al., 2011, 
Khush, 2001; Hossain and Fischer, 1995; Lawn, 
1989), so that cereal crops can be grown in a shorter 
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period during which rainfall is largely assured. For 
example, some recent rice MVs mature in 105 to 
110 days, which is much shorter than the 160 to 170 
days of typical TVs (Khush, 2001). If so, it seems 
reasonable to hypothesize that the adoption of these 
recent MVs leads to a reduced dependence of crop 
yields on precipitation in SSA. 
2. Database construction and empirical
methodology
2.1. Data source. One feature of this study is its 
attempt to quantify the changing effects of climatic 
conditions on crop-specific yields in SSA by em-
ploying a country-level extended-period panel data-
base. The data set covers 49 countries over 16 years 
from 1989 to 2004. The important variables are crop 
yields for five major crops (wheat, rice, maize, 
sorghum and millet), seasonal weather variables 
(temperature and rainfall)1, agricultural population 
density, literacy rate, fertilizer use, and reliance on 
marginal land. The data are collected from several-
sources: agricultural outputs, inputs, land areas, and 
population come from FAOSTAT, temperature and 
rainfall are collected through Climatic Research 
Unit of the University of East Anglia (Mitchell and 
Jones, 2005)2, and the literacy rate is obtained from 
UNESCO3.
2.2. Selection equation for each crop. Before esti-
mating the changing effects of climatic conditions, it 
may be necessary to address possible sample selec-
tion bias, since each crop is cultivated in some coun-
tries but not in others. Therefore, the estimation 
procedure should consist of two steps4. The explana-
tory variables in the first-step selection regression 
include short-term normal weather, short-term fluctu-
ation in rainfall, literacy rate, agricultural population 
                                                     
1 The seasonal weather is associated with the six-month crop-growing 
period carefully chosen for each crop and country. In general, crop 
growth duration is shorter than six months. However, given that it is 
country level data that we are dealing with, it is best to involve adequate 
months to account for the nation-wide variability in planting timing. Also, 
the practice of dual cropping would require consideration of almost year-
round weather data. Nonetheless, since dual cropping is not so common in 
SSA partly because short growth duration varieties are not yet widely 
adopted, the need for using year-round weather variables is limited. The 
considered number of months (i.e., 6) has to be the same for all the crops 
to assure a fair comparison of rainfall effects across the crops. 
2 To refine this dataset, we also referred to weather data provided by the 
Global Observing Systems Information Center. 
3 For agricultural population and literacy rate, temporal interpolation is 
used as needed. 
4 However, hitherto we have received comments from several peer 
economists suggesting estimations without a sample selection model 
since the fixed/random effects model for the yield equations would 
largely mitigate the selection bias. Yet, we still employ a two-step 
approach because the period of 16 years may not be short enough for 
fixed/random effects to control for the bias. Incidentally, if this were a 
household or individual level analysis (i.e., microeconometrics) we 
would employ the multivariate sample selection model studied by Yen 
(2005) which allows correlations between the error term of crop A’s 
selection equation and the error term of crop B’s outcome equation. 
density, national irrigation area ratio, and reliance on 
marginal land. The selection equation for each crop 
can be specified as follows: 
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where yijt is 1 if crop i is grown in country j in year 
1900 + t, and 0 otherwise; ijttemp  and rain
represent the three-year moving averages of temper-
ature and rainfall, respectively, over the preceding 
years 1900 + t-1, 1900 + t-2, 1900 + t-35; sd (rain)ijt
is the standard deviation of rainfall over the preced-
ing three years; litjt is the national literacy rate; pop-
denjt is the agricultural population density6; irrijt is 
the overall irrigation diffusion ratio7; mlandjt is the 
reliance on marginal land8; ?ij and ?ijt are the unob-
served random effects and the error term, respec-
tively, that are normally distributed9. Finally, the 
inverse Mills ratio is calculated from the result of 
this estimation so as to be included in the outcome 
equation10.
2.3. Yield equations: two-way fixed effect model. 
The second step is to assess the changing effects of 
weather (temperature and rainfall) on cereal crop 
yields. The yield estimation model is specified as 
follows:
2
0 1 2 ?
,
ijt i i ijt i ijt i ijt i jt i t
i ijt ij ijt
Y C C t C X
?
? ? ? ? ? ?
? ? ?
? ? ? ? ? ? ? ?
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where Yijt is the yield of crop i, in country j, and in 
year 1900 + t; ?i is a constant term; Cijt is a vector of 
                                                     
5 The values of the weather variables for countries that do not produce a 
specific crop are calculated counterfactually, basically by choosing 
winter seasons for wheat and rainy seasons for the other crops. 
6 Agricultural population divided by agricultural area. 
7 Unfortunately, crop-specific irrigation coverage is not available except 
for rice in selected recent years. Although the relevance of overall 
irrigation diffusion ratio to the yield of each crop should be minimal, we 
assume it has some effect on whether each crop is selected or not. On 
the other hand, the crop-specific irrigation ratio, if available, would 
entail an endogeneity bias.
8 It is a ratio defined and calculated as the agricultural land area in use 
divided by the total arable land area. 
9 It is assumed that ?ij and ?ijt are mutually independent as well as 
independent of the observed explanatory variables. 
10 Note that the first-step random effect probit regression for i = maize 
does not hold because maize is grown in the majority of the countries 
(and years) in SSA (see also Table 3), which indicates that the selection 
bias is negligible. The regressions for maize yield, therefore, dispense 
with the inverse Mills ratio. 
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seasonal weather (temperature and rainfall); Xjt is a 
vector of non crop-specific agricultural and socio- 
economic characteristics (agricultural population 
density, literacy rate, fertilizer use, reliance on mar-
ginal land)1; ?t is a vector of year dummies; ?ijt is the 
inverse Mills ratio obtained from the first-step esti-
mation; vij is the unobservable time-invariant coun-
try-specific effect; and ?ijt is the error term. 
The interaction terms between the climatic condi-
tions and the time trend variable t are included to 
examine whether there have been changes overtime 
in the climate effects on cereal yields due to eco-
nomic and technological changes, such as the intro-
duction of MVs. The effect of agricultural popula-
tion density is also a thought provoking subject. If 
the coefficient is positive, it could be supportive of 
the induced innovation hypothesis of Hayami and 
Ruttan (1985)2. However, it could also capture the 
effects of increased supply of labor in the case labor 
supply is not yet abundant. 
We first conducted the Hausman specification test 
to compare the fixed and random effects estimations 
(Hausman, 1978). As it turns out, the random effect 
estimation is diagnosed as inconsistent (i.e., p >
0.10) in all cases. Therefore, we employ the fixed 
effect specification by explicitly including the coun-
try dummies3. In addition to the country fixed effect, 
the year dummies for all the years in the study pe-
riod except for the base year are included in order to 
control for the yearly change and fluctuation in yield 
that is not explained by the explanatory variables, 
e.g., the general trend for technological improve-
ment and aggregate macroeconomic shocks4. Hence, 
the specification employed is what is known as the 
two-way fixed effect model. 
To find the elasticities, the logarithm of the variables is 
taken whenever applicable, the exceptions being the 
interval-scale variable (temperature expressed in Cel-
sius), the ratio variables (literacy rate and reliance on 
marginal land), the variable that takes zero values (fer-
tilizer use), and the dummy variables5.
2.4. Computing the changes in climate effects. 
Once the estimators of the coefficients are found, 
                                                     
1 Unfortunately, crop-specific data are not available. Thus, the relevance 
of these variables to the performance of each individual crop must be 
limited. As explained previously, the overall irrigation diffusion ratio is 
not included in the yield equation. 
2 They hypothesize that the increasing scarcity of land induces the 
development and diffusion of land-saving and yield-enhancing innova-
tions when the marginal product of labor approaches zero. Such innova-
tions include increased inputs due to better access to markets. 
3 The base for the dummy variables is chosen to be Cameroon, as this is 
one of the countries that constantly produce all the five crops.  
4 For robustness, we also tried performing regressions without the year 
dummies but including the time trend. The estimated coefficients of the 
explanatory variables remain largely unchanged. 
5 See, for example, Stevens (1946) and Rozeboom (1966) for the appli-
cability of logarithm to differing measurements. 
crop yield is predicted by 
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where the hats indicate the estimators and others
includes all the terms independent of Cijt. Hence, by 
taking the cross sectional average, the predicted 
effect for a given t is expressed as follows: 
?
?
? ? ?
0 1 2avg 2 ,
ijt
it i i i it
ijt
Y
E t C
C
? ? ?
?
? ? ? ? ? ? ?
?
      (1) 
where the bar indicates the cross sectional average. 
In this way, the marginal effect of the respective 
weather variables on the yield of crop i is predicted 
for each t, and thus, the changing effects can be 
examined by altering t from 89 to 104. In addition, 
the all-time average effect is given by 
? ? ?
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       (2)
Since in practice we apply logarithm to yield and 
rainfall, the rainfall effect is found as the rainfall 
elasticity of yield. 
2.5. Descriptive statistics of the variables. The 
basic descriptive statistics for all the variables used 
in the regression analyses over the entire study pe-
riod are summarized in Table 3. One important note 
is that in SSA, the average of the irrigation diffusion 
ratio in the aggregate term that is included in the 
selection equation is merely 1.6 percent, indicating 
the minimal explanatory capacity of the country 
level irrigation ratio in SSA. Regarding the four 
variables from the bottom, although the sample size 
is 764, only the observations that are aligned with 
the yield observations are included in the yield eq-
uations for each crop. 
Table 3. Descriptive statistics of the variables 
(1989 to 2004)
Variables Mean St. dev. Min. Max. N
Wheat yield 
(kg/ha) 1852 1389 158 6978 427 
Rice yield (kg/ha) 2029 1116 299 7500 624 
Maize yield 
(kg/ha) 1431 1196 91 8900 732 
Sorghum yield 
(kg/ha) 818 428 97 3429 588 
Millet yield (kg/ha) 681 335 82 1782 544 
Wheat production 
dummy 0.56 0 1 764 
Rice production 
dummy 0.82 0 1 764 
Maize production 
dummy 0.96 0 1 764 
Sorghum
production dummy 0.77 0 1 764 
Millet production 
dummy 0.71 0 1 764 
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Wheat seasonal 
temperature (?C) 22.4 2.8 13.2 27.0 427 
Wheat seasonal 
rainfall (mm) a 298 263 3 1359 427 
Table 3 (cont.). Descriptive statistics  
of the variables, 1989 to 2004
Variables Mean St. dev. Min. Max. N
Rice seasonal 
temperature (?C) 25.3 2.8 17.4 33.2 624 
Rice seasonal 
rainfall (mm) a 824 462 53 2341 624 
Maize seasonal 
temperature (?C) 25.1 3.2 13.9 33.2 732 
Maize seasonal 
rainfall (mm) a 757 451 53 2341 732 
Sorghum seasonal 
temperature (?C) 25.1 3.4 13.9 33.2 588 
Sorghum seasonal 
rainfall (mm) a 710 441 53 2341 588 
Millet seasonal 
temperature (?C) 25.3 3.0 17.4 33.2 544 
Millet seasonal 
rainfall (mm) a 722 438 53 2341 544 
Fertilizer use 23.8 53.8 0.0 461.0 764
(tons/km2) 000
Irrigation diffusion 
ratio (%) 1.6 4.2 0.0 23.8 764 
Ln agricultural 
population density 6.14 1.19 8.39 3.02 764 
Literacy rate (rate) 0.56 0.21 0.11 0.91 764
Reliance on 
marginal land 
(rate)b
0.81 0.13 0.53 1.00 764 
Notes: a Note that the values are associated with six months of the 
year. See footnote 1, p. 72 for details. b See footnote 8, p. 72. 
Source: Authors’ calculation with data from Climatic Research 
Unit of the University of East Anglia, the Global Observing 
Systems Information Center, UNESCO, and FAOSTAT.
3. Regression results 
Table 4 presents the estimation results of the yield 
equations for each of the five crops. Shown in the 
table are the estimated coefficients with the standard 
errors in parentheses. To keep the table succinct, the 
year and country dummies are not presented. 
Table 4. Estimates of country-level two-way fixed-effect sample selection models (1989 to 2004)
Dependent variable: Ln yield
Explanatory variables Wheat Rice Maize Sorghum Millet
Temperature 
-0.683** -0.256† -0.665*** -0.103 0.046
(0.292) (0.166) (0.169) (0.163) (0.178)
Temperature × t
0.001 0.000 0.002*** 0.000 -0.002**
(0.001) (0.001) (0.001) (0.001) (0.001)
Temperature2
0.012** 0.005* 0.008** 0.002 0.002
(0.006) (0.003) (0.003) (0.003) (0.003)
Ln Rainfall 
-0.750** 1.067** -0.192 0.164 1.150**
(0.294) (0.535) (0.547) (0.578) (0.570)
Ln Rainfall × t
0.005† -0.009*** 0.012*** 0.003 0.003
(0.003) (0.003) (0.003) (0.004) (0.004)
(Ln Rainfall)2
0.037** -0.012 -0.057† -0.018 -0.097**
(0.019) (0.037) (0.039) (0.043) (0.043)
Ln AgriPopDen 
-0.449* 0.126 -0.107 -0.743*** -0.210
(0.259) (0.135) (0.141) (0.181) (0.179)
Literacy rate 
-3.744*** 0.176 -1.092* -0.365 2.238***
(0.922) (0.532) (0.586) (0.810) (0.767)
Fertilizer input 
-0.315 0.666* 0.312 0.202 0.416
(0.525) (0.401) (0.462) (0.437) (0.420)
Reliance on marginal land 
-0.845 -1.410* 2.102** -1.268 -2.947***
(1.981) (0.829) (0.885) (0.960) (0.916)
Inverse Mill’s ratio 
-0.087 0.121† n/a -0.210** -0.317
(0.089) (0.083) (0.082) (1.469)
Constant term 
19.821*** 9.473*** 11.162*** 12.748*** 5.545*
(3.779) (2.702) (2.838) (2.815) (2.894)
Number of observations 427 624 732 588 544
R-squared 0.857 0.809 0.849 0.811 0.852
Adjusted R-squared 0.836 0.787 0.833 0.788 0.833
Notes: ***, **, *, and † indicate 1, 5, 10, and 15 percent statistical significance levels, respectively. 
3.1. Wheat. The estimates for the wheat yield equa-
tion are presented in the first column of Table 4. 
The coefficients on temperature and its squared term 
are statistically significant while the interaction term 
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with the time trend variable is not. The insignifi-
cance of the interaction term indicates that there are 
no changes over time in the temperature effect on 
wheat yield. As per equation (2), the temperature 
effect on wheat yield is negative and significant at  
-0.13 on average during the period under study. That 
is, a one-degree Celsius rise in temperature leads to 
a 13 percent loss in wheat yield, other variables being 
equal. This result may support the sensitivity of wheat 
to heat. The coefficients on the three rainfall related 
terms are all statistically significant. As equations (1) 
and (2) predict, rainfall has a positive impact on wheat 
yield, with the elasticity increasing from 0.09 in 1989 
to 0.16 in 2004. As mentioned earlier, the increasing 
dependence on water intake can be an indication of the 
adoption of resource demanding technologies, i.e., 
typically, early generations of MVs1.
The coefficients on the four country-wise variables 
do not appear to bear plausible sign and signific-
ance. This can be nonetheless understood on ac-
count of the small area planted to wheat in SSA, and 
thus the little explanatory power of these variables 
in the case of the wheat yield equation. 
3.2. Rice. The second column in Table 4 then shows 
the estimation results for the rice yield equation. The 
temperature effect is negative and significant at -0.013 
(equation (2)), which is considerably smaller in abso-
lute terms than that for wheat. The rainfall elasticity is 
found to be 0.17 on average during the study period. A 
remarkable result may be that, in the case of rice, a 
declining impact of rainfall is found as the elasticity 
diminishes over time from 0.24 in 1989 to 0.10 in 
2004 (equation (1)). This may support our hypothesis 
that the dependence of crop yield on weather, in par-
ticular rainfall, is alleviated in the recent stage of tech-
nology development due presumably to the diffusion 
of relatively resource-saving technologies (e.g., 
drought-tolerant or early-maturing varieties) that are 
increasingly available for rice over the years. 
The coefficients on the country-wise variables seem to 
have the expected signs, though the statistical signific-
ance largely varies. The inverse Mill’s ratio is statisti-
cally significant at 14 percent, providing proof that the 
rice selection treatment is somewhat effective2. Also, 
although not presented in the table, the year dummies 
generally have positive and significant coefficients that 
increase over time, suggesting that the impacts of con-
tinent-wide general technological (and economic) 
improvements that are not fully captured by the chang-
ing coefficients of weather variables must be well 
                                                     
1 Note that the changing effects could also include a response to other 
factors that have changed during the 16 years. 
2 The first-step estimates, though not presented, indicate that normal 
rainfall and reliance on marginal land, among other things, seem to be 
the determinants of rice selection. 
absorbed by the year dummies3.
3.3 Maize. Shown to the right of rice in Table 4 are 
the estimation results for the maize yield equation. 
As in the cases of wheat and rice, an adverse effect of 
higher temperature is found (equation (2)). However, 
the difference is that the effect decreases over time 
from -0.08 in 1989 to -0.05 in 2004 (equation (1)), 
indicating that maize is becoming more heat-tolerant. 
It might be the case that the heat-tolerance trait of ma-
ize varieties is improving. The impact of rainfall is 
positive and significant, with the elasticity rising from 
0.27 in 1989 to 0.44 in 2004. At this stage, maize tech-
nologies in SSA may be such that the yield enhance-
ment is accompanied by abundant water inputs4.
3.4. Sorghum. As for the estimates of the sorghum 
yield equation, neither temperature nor rainfall exhibits 
a significant effect, which may not be of much surprise 
since sorghum, widely recognized as a suitable crop 
for the semi-arid tropics, is resistant to heat and 
drought, whether it is TVs, early MVs, or recent 
MVs5. Moreover, no changes in weather effects over 
time could mean that technological progress in sorg-
hum farming in terms of response to weather has 
been limited in SSA. The sorghum selection model 
seems to effectively mitigate the selection bias of the 
estimators6.
3.5. Millet. Lastly, the estimates of the millet yield 
equation are presented in the far right column of 
Table 4. The predicted average temperature effect is 
-0.18 (equation (2)) which evolves from -0.166 in 
1989 to -0.194 in 2004 (equation (1)), suggesting 
that the yield sensitivity to heat is aggravated over 
time. Curiously, the rainfall effect is found to be 
negative and does not evolve over time, with the 
elasticity being -0.12 (equation (2)). Since millet is a 
crop highly adapted to water scarce environments, 
upward shocks in rainfall may lead to a yield loss7.
Interestingly, county-wise reliance on marginal land 
has a negative and significant effect on millet yield. 
This might be related with the propensity of millet 
to be planted in marginal environments8.
                                                     
3 For example, the impacts of the diffusion of pest and disease resistant 
varieties, and irrigation in the case of rice. 
4 According to Smale et al. (2013), the MV adoption rate for maize is 
currently 44 percent in southern and eastern Africa and 60 percent in 
western and central Africa. 
5 Needless to say, it could also mean resistance to cold weather and/or 
flood, theoretically. Practically, though, such traits have yet to dissemi-
nate widely to date, and are particularly absent in SSA. Sorghum can be 
grown in areas with annual rainfall below 900 mm, which is not favora-
ble for maize cultivation. 
6 As in the case of rice, normal rainfall and reliance on marginal land, among 
other things, seem to be effective determinants of sorghum selection. 
7 Millet can be grown in areas with annual rainfall below 300 mm, 
which is not hospitable for sorghum cultivation. Also note that the 
country-wise seasonal weather presented in Table 3 may not always 
precisely represent the local environment where each crop is cultivated. 
8 Note that areas harvested with other crops are also increasing in SSA 
because of crop shifting (Tsusaka and Otsuka, 2013b). 
Environmental Economics, Volume 4, Issue 2, 2013
78
Concluding remarks 
Despite the common knowledge that technological 
improvement in agriculture such as the GR in Asia 
dramatically contributed to the growth in cereal crop 
yields, much less has been explored as to whether 
the technological changes have aggravated or alle-
viated the climate effects on cereal crop yields. This 
study has demonstrated, for each of the five major 
cereal crops, how the effects of temperature and 
rainfall have been changing in SSA, by employing 
econometric analyses of the 16-year panel data. 
First, the most important result from the analyses is 
that, in many cases,the dependence of crop yields on 
weather variables (temperature and rainfall) have 
actually changed during the period under study. 
Specifically, the temperature effect has lessened for 
maize and been augmented for millet, whereas the 
rainfall effect has increased for wheat and maize and 
decreased for rice. Although non technological fac-
tors have also changed and must have influenced the 
climate effects to some extent, the contribution of 
technological factors appears to be dominant (sec-
tion 1.5). The increase in climate effects may be 
associated with the dissemination of resource-using 
technologies such as typical MVs, while the de-
creasing effects may be the consequence of the ad-
vent of relatively resource-saving technologies 
and/or due to the early maturity trait that is condu-
cive to eluding extreme weather events such as 
drought. Indeed, recently developed rice varieties 
seem to be somewhat successful in incorporating 
drought tolerance traits, which leads to a decrease in 
rainfall dependence under harsh conditions. Moreo-
ver, the introduction of irrigation can also contribute 
to a reduction in climate effects (Tsusaka and Otsu-
ka, 2013a). In any event, further relevant studies 
have to be con-ducted to accumulate empirical evi-
dence, since this study, although strongly sugges-
tive, does not strictly isolate the role of technologi-
cal factors. 
Second, we have found that the average temperature 
effect is generally negative in SSA, which is worri-
some in the face of globally rising temperature1. The 
average rainfall effect is positive for wheat, rice, and 
maize, and non-positive for sorghum and millet, 
which may be consistent with the common notion 
that wheat, rice, and maize require profuse inputs 
for growth while sorghum and millet are drought 
tolerant crops. Much awaited is the development 
and dissemination of heat tolerant varieties of cereal 
crops, especially millet, and drought tolerant varie-
ties of particularly maize, followed by wheat as well 
as rice2.
Third, as for the three Asian GR crops, there are con-
siderable yield gaps between Asia and SSA today. 
Technology transfer from Asia to carefully selected 
locations in SSA might be possible if accompanied 
by appropriate institutions for technology adaptation 
and dissemination, with adequate funding. By con-
trast, there is no yield gap for sorghum and millet 
even today despite the much more favorable condi-
tions with respect to climate, infrastructure, markets, 
education, and governance in Asia. Opportunities for 
technology transfer for these two crops seem to be 
limited. In other words, technologies for these crops 
have to be developed, not transferred. 
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